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There is a growing need for employing sustainable soil improvement techniques.
Concurrently, soil carbon sequestration methods continue to receive more attention in an
attempt to reduce greenhouse gas levels contributing to climate change. Exploring the use
of gasifier biochar for soil improvement can possibility address these two needs
simultaneously. This study investigates the effect of gasifier biochar amendment on
mechanical, chemical and hydraulic properties of a local clay with poor engineering
properties. Specifically, strength, swelling, compressibility, collapsibility, permeability,
water retention, cation exchange capacity, pH, and microstructural characteristics were
determined for the clay amended with 5, 10, and 20% biochar. Two sizes of biochar were
used. The results showed that biochar amendment improves the strength, swelling
potential, permeability, and water retention properties of the clay. Findings suggest that
biochar amendment offers a sustainable solution for improving geotechnical properties of
marginal soils while providing an efficient method for biospheric carbon sequestration.
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CHAPTER I
INTRODUCTION
1.1

Overview
Many construction projects require sources of good-quality fill materials in order

to construct embankments, slopes, and foundations. However, the supply of high quality
fill material is limited and based on the geology of the area. Therefore, many projects seek
to make use of marginal materials to avoid the cost of quality fill associated with the
material itself and its shipment. This need has led to the beneficial use of waste and
byproduct materials. Many of which have desirable characteristics as fill or construction
materials. These practices improve the sustainability of construction projects both by
removing material from waste stockpiles and by reducing the amount of natural material
needed. Parallel to this push for more sustainably sourced materials is the need for carbon
sequestration technologies in order to reduce greenhouse gas emissions contributing to
climate change. Many of these technologies require that carbon be captured at the source
and then be stored in various mediums, which are typically geological in nature. However,
alternative solutions based on more efficient management of agricultural and forestry
practices could also contribute to greenhouse gas reductions. Furthermore, vegetation
naturally captures carbon dioxide from the air, but this captured carbon is released as the
material decays. Preventing decay of vegetation may be another feasible alternative to
reduce emissions, particularly if other benefits from the technology exist.
1

Biochar is one material that meets the needs of beneficial use and carbon capture.
Biochar has historically been used to improve the fertility of soil and is created by the low
oxygen heating of biomass. This process results in a stable form of carbon that prevents
further decay and release into the atmosphere. Furthermore, it is the byproduct of bio-fuel
production through gasification, making its use potentially sustainable should the biofuel
market become more active. However, gasifier biochar is not as useful as pyrolysis biochar
for agricultural applications. Therefore, application in other fields may provide a better
market for its use. One field with growing interest in biochar is civil engineering. Biochar’s
ability to capture and immobilize certain pollutants makes it useful for environmental
remediation of soil and water. Other applications are emerging as a potential construction
material with additional carbon storage capacity through carbon dioxide saturation.
Biochar amendment has also presented potential benefits in landfill covers both though the
ability to process escaping gases and beneficial changes to geotechnical properties. Several
authors have noted increased strengths, lower compressibility, enhanced water retention,
higher hydraulic conductivity, and reduced swelling following biochar amendment of soil.
Despite these potential benefits, additional testing of various soil-biochar
combinations is required. This is largely due to the fact that biochar varies greatly based
on the feedstock and treatment temperature. Furthermore, soils naturally have varied
behaviors and types. While several authors have worked with clays, additional
quantification of biochar-clay mixtures is required, particularly regarding the strength and
hydraulic properties of combinations with relatively high biochar contents. Furthermore,
evaluation of regionally likely combinations would be preferred in order to accelerate
adaptation.
2

1.2

Objectives and Scope
The primary objective of this thesis is to further the state of knowledge regarding

the effects of biochar amendment of soil, particularly clay, on geotechnical properties. To
this end, combinations of a locally available clay, referred to as buckshot clay, and a
gasification biochar from pine mill waste have been evaluated for their relevant
mechanical, hydraulic, and chemical properties. More specifically, compactability,
strength, swelling, compressibility, hydraulic conductivity, soil-water retention, CEC, and
pH were determined for the pure clay and combinations of 5, 10, and 20% biochar by dry
mass of soil. The biochar tested was divided into two sizes and each size was tested at all
contents. Index properties of the biochar and soil were also determined. Finally,
microstructural imaging was conducted in order to provide additional insight to the results.
In addition to contributing to the growing body of research related to biochar soil
amendment effects on geotechnical engineering properties, this research hopes that the
selection a local problematic material and a locally produced byproduct may encourage
further review and adoption in the area.
1.3

Structure of Thesis
This document has been divided into 5 chapters, including this introduction.

Chapter 2 provides background information and literature related to the motivations behind
biochar application including beneficial use in ground improvement, and carbon
sequestration. Chapter 2 also provide a summary of literature related to civil engineering
studies focused on biochar application. Chapter 3 presents the materials and methods used
for this thesis. Chapter 4 presents and discusses the results of the testing program conducted
for this thesis. Chapter 5 provides the conclusions and recommendations for future works.
3

CHAPTER II
BACKGROUND
2.1
2.1.1

Soil Improvement and Beneficial Use of Byproduct Materials
General Explanation of Soil Improvement
Problematic ground conditions pose problems for the geotechnical engineer during

and after construction. Such conditions include low strength soils, low permeability soils,
highly deformable soils, and collapsible soils. A majority of these conditions are related to
clayey materials, such as the buckshot clay used in this study. In certain cases, these
problems may be avoided during the site selection process or through adjustments of the
applied structural loads. However, roadway construction and urbanization often require the
use of less desirable site locations with constrained design loads. Therefore, the application
of ground improvement techniques has continued to emerge as the use of marginal land
increased. These techniques vary widely in complexity, time of application, and cost.
Terashi and Juran (2000) provide an excellent summary of traditional ground
improvement techniques. Traditional techniques summarized include replacement,
densification, consolidation/dewatering, grouting, admixture stabilization, thermal
stabilization, and reinforcement. A brief explanation of each is provided here, but more
information can be found in the source material. Replacement is the simplest technique
which removes the problem entirely by replacing the problematic soil with a more desirable
fill material. However, the application of replacement is limited by the need for a
4

replacement source, disposal site, and transportation expenses. Densification is typically
applied to loose, granular materials, though it may also be applied to wastes and liquefiable
soils. The overall goal is the reduction of settlement and the increase of shear strength
through the reduction of void space within the materials, and there are many technologies
used to achieve the desired density based on site and material conditions. Cohesive soils
typically have low strengths and high long-term settlements. These properties may be
improved through consolidation by application of external loads. Furthermore, the
consolidation process can be accelerated by reducing the drainage path. Grouting provides
increased strength through the placement of a pumpable material with the capacity to set
or gel in manmade or natural voids within the subsurface. Admixture stabilization is the
application of chemical additives, typically lime or cement, to enhance the desired soil
characteristics. Thermal stabilization involves the application of extremely high or freezing
temperatures in order to improve the strength properties of soil. Temperature based
techniques are short term in nature as rewetting or thawing returns the soil to its original
condition. The final technique summarized by Terashi and Juran (2000) is reinforcement.
Ground reinforcement consists of a large number of technologies and materials used to
improve the bearing capacity and shear strength of in-situ soils.
Other techniques continue to emerge as new technologies become available. Some
examples include electro kinetic methods, geopolymers, and bioengineering. Electro
kinetic methods strengthen clays through the application of electric fields to cause changes
in soil texture, pore fluid, and organic content (Micic et al., 2001; Mosavat et al. 2012;
Indraratna et al., 2015). Furthermore, the method may be used to apply stabilizing agents
beneath existing structures by causing movement of the stabilizer between a cathode and
5

anode (Mosavat et al. 2012). Several of the other methods seek to provide more
environmentally friendly alternatives to traditional solutions. These include the use of
vegetative reinforcement, often referred to as bioengineering (Indraratna et al., 2015), or
the application of geopolymers as an alternative stabilization chemical (Singhi et al., 2016;
Jayanthi and Singh, 2016). This shift toward more environmentally friendly methods has
also resulted in a large push toward the beneficial use of waste and byproduct materials.
2.1.2

Beneficial Use in Soil Improvement
Sustainability has become a primary area of concern in all disciplines of civil

engineering, and there are many areas for improvement in the field of geotechnical
engineering. A primary option is the use of alternative materials, primarily waste and
byproduct materials (Basu et al., 2014). Due to the difficulties in the storage and disposal
of waste and by product materials, as well as their potential environmental impacts, there
has been a growing effort to use these materials in the construction of the built environment.
In addition to removing these materials from storage and disposal facilities, use provides
additional sustainability contributions by reducing the consumption of more traditional
materials including stone, gravel, sand, and cement (Basu et al., 2014). Common
application of these materials are the replacement of aggregates or cementitious
compounds in construction materials, use as a fill or replacement material for the
construction of foundations and embankments, and application as a soil stabilization
compound. Bolden et al. (2013) provides common uses of recycled and waste materials in
construction practices.
As mentioned, the most relevant applications in the field of geotechnical
engineering are used as a stabilizer and fill or replacement materials. Materials with
6

stabilization potential include ground granulated blast furnace slag, cement kiln dust, fly
ash, silica fume, gypsum and other materials that provide the potential for pozzolanic
reaction with soil minerals. Additional stabilization products may be made from other
wastes using alkali activators to produce geopolymers. Other materials may be used as a
filler to replace and/or improve natural soils. Typical replacement materials include scrap
tire rubber, wood, recycled concrete, recycled asphalt, glass, slag, foundary sand, bottom
ash, and other granular waste materials. In addition to improving strength, several of these
materials (i.e., wood, tire rubber) have the added benefit of reducing the weight resulting
in a lightweight fill. Other benefits are often material specific, and are thus outside of the
scope of this summary. Gasifier waste biochar, the focus of the present work, is another
recycled material which provides strength and weight benefits, along with potential
improvements for pollutant capture. A more detailed discussion of biochar is provided in
section 2.3.1.
2.2
2.2.1

Carbon Sequestration
Carbon Sequestration Motivation and Concept
In addition to the sustainability concerns presented in the previous section which

motivated the beneficial use of materials, the reduction of greenhouse gases contributing
to climate change is another area of improvement (IPCC, 2007). The primary greenhouse
gas of interest is carbon dioxide produced by the burning of fossil fuels, as well as natural
processes. Some efforts have been highly focused on the reduction of carbon dioxide
emissions through improved processes and more efficient manufacturing and construction
technologies. However, this is only a portion of the solution as continued operation, no
matter how efficient, will continue to produce carbon dioxide. Therefore, carbon
7

sequestration is an attractive option to further reduce carbon emissions (Figueroa et al.,
2008; Gough 2008; Leung et al., 2014).
Many carbon sequestration methods have been primarily developed for capture and
storage of carbon dioxide produced from energy production (Figueroa et al., 2008; Leung
et al., 2014). After capture and separation, the carbon dioxide from power plants may be
transported by tanker or pipeline for sequestration. However, additional carbon
sequestration and management based on biospheric methods has been proposed (Zeng,
2008). Such methods involve the natural capture of carbon in soil and vegetation being
maximized through selection of land use practices, reforestation, and fertilization (Zeng,
2008).
2.2.2

Carbon Sequestration in Soil
As previously described, biospheric methods rely on the natural carbon storage

provided by soil and vegetation. Schlesinger (1999, 2000) and Bruce et al. (1999) present
early estimates of the potential carbos sequestration that soils may provide through altering
land management practices to increase the soils organic carbon content. Soil carbon
sequestration removes atmospheric carbon dioxide through plants and stores it as soil
organic matter (Lal, 2004a and 2004b). Destruction and mismanagement of land, such as
mass deforestation, produces the opposite effect releasing carbon dioxide and other
greenhouse gases while reducing soil organic carbon (Lal, 2004b). In addition to altered
agricultural practices (such as no-till, conservation tillage, nutrient management, etc.),
improvement of previously degraded soils may increase terrestrial carbon sequestration
capacity. As an added benefit, increases in soil organic carbon provide increased soil
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fertility improving food security in some regions of the world (Lal, 2004a). Other cobenefits are outlined in Lal et al. (2015).
However, there are several concerns related to carbon sequestration in soil. First,
hidden carbon costs due to fertilizers and pesticides may reduce the benefit of carbon
sequestration in soil (Schlesinger, 1999; Lal 2004b). Second, it has been noted that storage
in the bioshphere does not pose the same definite benefit of reductions in fuel emissions or
geological sequestration (Kirschbaum, 2006). This is due the questionable longevity posed
by rerelease upon decay or burning of the vegetation (Profft et al., 2009; Zeng 2008).
Furthermore, there has been increasing debate in how well current considerations capture
the longevity. For example, Korner (2017) proposed that the longevity of trees determined
a forests carbon capture potential. This view was countered by Silva (2017) who suggested
that focus only on the trees neglected the interaction between decay of dead plant matter
and the microbially produced organic matter within the forest soils.
Essentially, if the biological storage is permanent, it does provide a valuable
contribution to climate change mitigation. However, if the storage is temporary there is
limited benefit for climate change mitigation (Kirschbaum, 2006). Therefore, any attempt
to apply biospheric methods must be carefully planned to provide essentially permanent
capture. Due to these limitations, it may be short sighted to simply optimize agricultural
practices to reduce atmospheric carbon despite the reported storage potential.
However, there may be potential to provide more certain longevity to sequestered
carbon captured in some of these materials through burial. For example, Zeng (2008)
proposed carbon sequestration through the burial of wood, both dead trees and waste
lumber. By storing the wood underground, anaerobic conditions slow the decomposition
9

making this method more permanent than optimization of land use practices. A similar
permanent solution is application of biochar. While conversion of biomass to biochar
results in an immediate 50% release of stored carbon, the remaining 50% remains in a
stable form (Lehmann et al., 2006). For natural materials the release would occur more
slowly, but eventually results in a complete loss of stored carbon (Lehmann et al., 2006).
More discussion of biochar production and its potential as a carbon sequestration material
is provided in the following section.
2.3
2.3.1

Biochar
Biochar Production and Sources
Pyrolysis, which is the high temperature heating at low oxygen conditions, of a

biomass source results in the production of bio-oil, gases, and a solid residue (Winsley,
2007). The solid residue is carbon rich and referred to as biochar (Garcia-Perez et al.,
2010). The pyrolysis process can convert a variety of different biomass sources, called
feedstocks, including: agricultural waste, paper industry waste, lumber waste, municipal
waste, and animal waste (Garcia-Perez et al., 2010). The production of biochar through
pyrolysis is an old technology, originating from slash and char practices in early agriculture
as a means to improve soil fertility. However, there has been a renewed interest in biochar
due to its ability to sequester carbon while improving soil fertility, and its relation to the
production of bio-fuels through gasification. Applications in agricultural fields are well
established, but interest in biochar has also grown in other fields including civil engineering
due to its potential environmental benefits and other useful properties. A brief summary of
biochar production and properties is presented in the following paragraphs, more specific
discussion of the carbon sequestration impact is provided in section 2.3.2., while a
10

discussion of emerging applications in the field of civil engineering is provided in section
2.3.3.
The production of biochar is typically completed through the use of pyrolysis
reactors of which there are three common types: kilns, retorts, and converters. Kilns are the
oldest method and produce only biochar, no volatile or bio-oil products are collected.
Retorts and convertors are industrial units which can recover and refine the volatile
fractions. An extensive literature review related to the operation and limitations of these
reactors may be found in Garcia-Perez et al. (2010). More recently, gasification of biomass
for the production of bio-fuels has also been considered as a viable option (Hansen et al.,
2015; You et al., 2017). The gasification process is optimized based on fuel recovery and
requires higher temperatures than slow pyrolysis methods. Therefore, gasification
produces the least biochar of methods considered. However, these products are typically
more stable than gasifier biochars (Hansen et al., 2015; You et al., 2017). Further
discussion of key biochar properties, including stability, is provided in the following
paragraphs.
Biochar’s properties are heavily dependent on the feedstock and production method
used, leading to significant variability between biochar products (Spokas, 2010;
International Biochar Initiative, 2015; Xie et al., 2015a and 2015b). Non-uniformity of
biochar and its many applications have resulted in a growing body of literature related to
the distinct properties of specific biochar types. A summary of many recent studies has
been prepared by Xie et al. (2015a) which includes feedstock, production conditions,
elemental content, ash content, volatile matter, pH, and cation exchange capacity (CEC).
The general findings are discussed herein, but for more detailed information a review of
11

the source material is encouraged. Biochar pH is typically alkaline with values between 9
and 11, though some studies have found neutral or acidic results largely due to production
method (Xie et al. 2015a). As temperature increases the particle size of the char decreases,
while surface area and porosity increase (Xie et al. 2015a). Despite these increases, values
are still typically lower than that of commercially available activated carbon, though
similar or higher values may be reached through activation of the char (Xie et al. 2015a).
The CEC of biochar varied widely based on the surface properties and charge, though
typical values were high (Xie et al. 2015a). Testing on the effect of temperature for apple
tree branch biochar indicated a reduction of CEC with increasing processing temperature
(Zhao et al., 2017).
The stability of the biochar is one of the most important properties for applications
related to carbon sequestration and engineering applications. Decomposition of unstable
materials eliminates any carbon sequestration benefit, while posing a weakening effect if
used for any structural or fill application. Biochar stability measurement has become a key
area of study (Spokas, 2010). Many authors have recommended the use of the hydrogen to
carbon molar ratio and the oxygen o to carbon molar ratio as measures of biochar stability
(Spokas, 2010, Schimmelpfennig and Glaser, 2012; Singh et al., 2012). In general
hydrogen to carbon ratios less than 0.6 and oxygen to carbon ratios less than 0.4 are
desirable with peak the greatest half-life (>1000 years) corresponding to values less than
0.2 (Spokas, 2010, Schimmelpfennig and Glaser, 2012; Singh et al., 2012). However,
further evaluation of microbial and fungal decay methods is also required before
widespread implementation (Spokas 2010). Tests on apple tree branch biochar indicated
that temperature effects on Fourier-transform infrared (FTIR) resulted in reduced Carbon
12

to Oxygen stretching corresponding to the decreased oxygen to carbon ratio (Zhao et al.,
2017). Overall, production temperature has the greatest effect on biochar stability with
increasing temperatures leading to increased stability (Crombie et al., 2013; Zhao et al.,
2017).
2.3.2

Biochar’s Relation to Carbon Sequestration
Given that the biochar produced is stable and relatively uncontaminated, it provides

the opportunity for carbon sequestration while improving agricultural soil conditions and
water quality (Lehmann et al., 2006; Laird, 2008). The primary carbon sequestration
potential is due to its mineralized nature. Unlike the biomass used to produce it, good
quality biochar will not decay further meaning its carbon content is stable. There is an
immediate release of carbon during production, but over several years organic decay will
surpass this initial release (Lehmann et al., 2006). As previously described, the high
temperature biochar produced through gasification is particularly well suited to this
application (Hansen et al., 2015; You et al., 2017). However, it is noted that high such
chars provide fewer benefits for agricultural practices (Xie et al., 2015a and 2015b).
Therefore, use of biochar in other applications is desirable for cost effective application
and carbon sequestration application.
2.3.3

Biochar Applications in Civil Engineering
One field with growing interest in potential biochar applications for carbon

sequestration is civil engineering. This motivation is two-fold:
1) As described in section 2.1.2, there is a growing need for the beneficial use of
alternative materials.
13

2) Efficient carbon sequestration technologies are of growing importance due to
climate change.
Research efforts have largely sought to take advantage of biochar’s naturally adsorptive
properties to remediate or protect the environment. These applications include remediation
of soil and water (Xie et al., 2015a; Imhoff, 2017), and gas capture in landfill covers
(Yargicoglu and Reddy, 2017a and 2017b).
A review of environmental applications prepared by Xie et al. (2015a) reviews
many applications related to soil and water remediation. The review paper presented
excellent potential for biochar immobilization of organic and inorganic contaminants in
soil and wastewater (Xie et al., 2015a). Imhoff (2017) presented the concept of stormwater
reduction along highway greenways through addition of biochar to cover soils thus
reducing pollutant loadings in nearby waterways. Results show that the increases in soil
water retention greatly reduced storm water runoff (Imhoff, 2017). Likewise, the work by
Yargicoglu and Reddy (2017a and 2017b) found similar benefits to the water holding
capacity of the cover soil following biochar amendment as well improved long term
oxidation capacity of methane gas. In addition to these environmental applications, there
has been consideration of biochar as a construction material for asphalt and concrete
production (Gupta and Kua, 2017).
The majority of previous applications rely on a similar setup to agricultural char
production. That is the amendment of soils by mixing with previously defined amounts of
biochar. However, such application requires consideration of the effects of biochar addition
on a soils strength and hydraulic properties. There have been several studies on the effect
of biochar addition on these properties. Reddy et al. (2015) noted improvement of
14

geotechnical engineering soil properties of a typical landfill cover soil including: reduced
bulk density, increased hydraulic conductivity, decreased compressibility, and increased
shear strength. Lu et al. (2014) found reduced swelling potential and cohesion with
increased internal friction for an expansive clay. Imhoff (2017) reported increased
hydraulic conductivity of silty materials. Wong et al. (2017 and 2018) studied the impact
of biochar amendment on compacted clay hydraulic conductivity and noted increased water
retention properties and hydraulic conductivities. Ahmed et al. (2017) studied the influence
of biochar addition to compatibility and strength of silty loam. They reported reductions in
soil maximum bulk density, increases in the optimum moisture content (OMC), changes in
the Atterburg limits, and reduced shear strength. Ajayi et al. (2016) studied the
microstructural and hydraulic effects of biochar amendment and found similar results to
the previously mentioned works. Ni et al. (2018) reported reduced matric suction and
changes in compactability for silty sand treated with biochar. Overall, biochar typically
reduces the cohesive and swelling properties of soil while increasing hydraulic
conductivity, moisture retention, and friction.
2.4

Summary – Beneficial Use of Biochar for Carbon Sequestration
In summary, there is a growing need for the beneficial use of alternative materials

for the construction of geotechnical structures, in addition to growing concerns related to
carbon emissions. Biochar is a material with the potential to address both of these concerns
while provide improved soil performance and potential environmental remediation effects.
There have been several studies on the effects of biochar on key geotechnical properties
soils. However, continued work to quantify the effect on strength, compressibility, and
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hydraulic behaviors is required. Furthermore, studies using regionally available materials
are necessary to verify expected behavior due to the extreme variability of both materials.
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CHAPTER III
MATERIALS AND METHODOLOGY
3.1
3.1.1

Materials
Material Sources and Processing
The soil used for this study was a clay obtained in Vicksburg, MS from the United

States Army Corps of Engineers Engineering Research and Development Center. The soil
matches the description of Sharkey clay, commonly known as buckshot clay, which can be
found throughout the Mississippi Delta region. The term “buckshot” comes from the small,
hard granules that form from surface layers when they dry. The Sharkey soil series is one
of the oldest soils recognized in the United States, having been established in 1901. Soils
of this series are sticky and plastic in nature, which poses problems for construction and
agricultural practices. Due to its composition, the material is highly prone to shrinking and
swelling, resulting in damage to structures supported by this material (Broadfoot, 1962;
Pettry and Switzer, 1996).
After being received, the soil was dried at 39⁰ Celsius for 48 hours. The material
was then crushed into a fine powder using tamps and mechanical grinding. Tamps were
used first to break larger clods of material into a material passing the 19mm sieve. Material
passing the 19mm sieve was separated by the No. 8 (2.38mm) and any material passing the
No. 8 was set aside. Material retained on the No. 8 was run through a grinder until it passed
the 2.38mm. The powdered material from the initial tamping and the mechanical grinding
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were then remixed using a sample splitter. The mixed powder was then stored in sealed
containers until use.
The biochar used for this study was a waste biochar produced as a byproduct of
gasification at a lumber mill. The feed stock for this material was the residual pine material
from the plant, and the gasifier was used to provide fuel for heating the facility. As this is
a waste product that was not intentionally produced, the exact conditions in the gasifier
varied and are thus not reported herein. To reduce the effects of this variability, all of the
material used in this study was taken at the same time from the same section of the waste
container. The biochar was initially very high in moisture content and required thorough
drying at 39⁰ Celsius for 48 hours. It was then separated into two sizes: passing sieve No.
8 and retained on sieve No. 20, shown in Figure 1d, and passing sieve No. 20. The buckshot
clay and biochar materials used are presented in Figure 3.1.

Figure 3.1

Study materials: a) unprocessed soil, b) processed soil, c) unprocessed
biochar, d) processed biochar passing sieve No. 8 retained on sieve No. 20,
and e) processed biochar passing sieve No. 20
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3.1.2

Properties of Study Materials
Prior to testing the strength, hydraulic, and chemical properties of the soil and soil-

biochar mixtures, several index properties were determined to describe the tested materials.
The first property tested was the particle size distribution of materials. The particle size of
the clay material was determined following standard hydrometer analysis ASTM D422.
The material was left to soak in a 40g/L hexametaphosphate solution for 48 hours to ensure
that the particles would fully disperse. The testing was conducted using a 152H Type A
hydrometer. Particle sizes for the biochar were determined using dry sieving only. It is
noted that this provides only an estimate, as a significant portion of the char consisted of
fine powder coating the large particles. The results of both particle size analyses are
provided in Figure 3.2.

Figure 3.2

Particle size distribution

The organic content, pH, and specific gravity were also determined for both
materials. Organic content was determined using a muffle furnace following ASTM
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D2974. The pH was determined following ASTM D4972. However, adjustments were
made to the ratio of material and distilled water used. This was due to the fact that the
tested biochar and clay can both absorb large amounts of water. Therefore, a 6:1 water to
material weight ratio were used for this testing. Due to these differences in concentration,
direct comparison of the values is not recommended. The specific gravity of the material
was determined following ASTM D422 using a combination of water bath heating and
vacuum. In addition, the organic content, pH, and specific gravity the buckshot clay’s
Atterburg limits and classification were determined following ASTMs D4318 and D2487
respectively. The material for the Atterburg limits was prepared following the wet method
required. The results of the organic content, pH, specific gravity, Atterburg limits, and soil
classification are provided in Table 3.1.
Table 3.1

Index properties of buckshot clay and biochar used

Property
Organic Content
Plastic Limit (%)
Liquid Limit (%)
Plastic Index (%)
pH
Classification
Specific Gravity

Buckshot Clay
4
35
79
44
8.0
Highly Plastic Clay (CH)
2.66

Gasifier Biochar
84
---9.3
-1.69

ASTM
D2974
D4318
D4318
D4318
D4972 (6:1 Ratio)
D2487
D854

In addition to the basic properties presented in Figure 3.1 and Table 3.1, additional
testing was conducted to determine the surface area, elemental composition, and
microstructural morphology of both materials. The surface areas of both materials were
determined using the Brunauer–Emmett–Teller (BET) equipment available within the
department of chemistry. The clay surface area was 61.5708 m²/g and the biochar surface
area was 67.4341 m²/g for the fine size and 59.1755 m²/g for the coarse size. The pore
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volume of the clay and biochar materials was similar, with all of materials presenting a
value near 0.017 cm³/g. However, the pore diameters of the biochar samples were
approximately 40 times larger than the clay pores.
The materials’ microstructural morphology of the materials was examined through
field emission scanning electron microscopy (FESEM). The FESEM used was also
equipped with energy dispersive spectroscopy (EDAX) testing equipment, which was used
to determine the elemental composition of both materials. Sample preparation for the
FESEM equipment is discussed in section 3.6. Micrographs of the two test materials are
provided in Figure 3.3. The elemental composition of the clay is provided in Table 3.2. The
biochar elemental results indicated that the material was primarily carbon with other trace
elements.

Figure 3.3

Microstructural images of a) buckshot clay and b) biochar

Table 3.2

Buckshot clay elemental composition

Element
Percent Mass

O
35.11

Mg
1.25

Al
9.99
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Si
36.21

K
2.53

Ca
1.35

Fe
13.57

Clay mineralogy and biochar functional groups were also evaluated. The clay
mineralogy was determined using X-ray diffraction (XRD). A Bruker D8 advanced
diffractometer was used for this work. Testing was conducted on oven dried clay powder
from a range of 0-90 degrees 2-Theta at a rate of 1 degree per minute. Comparison with
database results indicated that the material was primarily illite and quartz with a moderate
amount of kaolite. The functional groups of the biochar were determined using FTIR. The
percent transmittance is plotted for wave numbers ranging from 500-4000 cm-1 in Figure
3.4 The results presented are similar to those of the high temperature production provided
by Zhao et al. (2017), indicating a stable char produced at high temperatures. This is in
good agreement with the biochar source, and therefore the char was considered stable
enough to be appropriate for application in civil engineering. For additional reference,
Table 3.3 is provides a list of chemical functional groups and there ranges.

Figure 3.4

Biochar FTIR Results
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Table 3.3

FTIR functional group reference table (adapted from Zhao et al., 2017)

Wave Numbers, cm-1
3500-3200
2935
1600
1440
1325
1100-1030
885
781
3.2

Functional Group
O-H stretching
C-H stretching
Aromatic C=C and C=O stretching
C=C stretching
O-H bending
Symmetric C-O stretching
C-H bending
Pyridine

Soil-Biochar Mixtures Selected
The soil-biochar mixtures were prepared using three different biochar contents

based on the soil dry weight (5, 10, and 20%). A comparison to percentage of total mass
and solid volume is provided in Table 3.4. It should be noted that the biochar takes up
significantly more volume than the values presented in Table 3.4 due to the porous voids
that fill the material. These combinations were produced for each of the two sizes of biochar
tested (between sieve No. 8 and sieve No. 20 and passing sieve No. 20).
Table 3.4

Biochar mixing compositions by mass and volume

By Soil Mass
5%
10%
20%
3.3

% Soil
95.2
90.9
83.3

By Total Dry Mass
%Char
4.8
9.1
16.7

By Solid Volume (Voids not
considered)
% Soil
%Char
92.7
7.3
86.4
13.6
76.1
23.9

Mechanical Property Test Methods
The following subsections describe the sample preparation methods and test

procedures used for the mechanical property testing conducted. Each of the considered
methods required the compaction of soil and soil-biochar mixtures at a predefined moisture
content. The initial moisture content of the materials was first determined and used to
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calculate how much water had to be added to achieve the desired moisture content. The
materials were then mixed with the requisite water and stored separately in sealed
containers. The containers were allowed to sit for 24 to 48 hours to allow the moisture to
approach and equilibrium throughout the individual materials. After the waiting period, the
materials were immediately mixed by hand and compacted. If additional testing was
required, it was conducted immediately following compaction.
3.3.1

Compaction
Standard compaction testing was completed with a 4-inch proctor mold and

standard hammer following ASTM D698 to determine the optimum moisture content
(OMC) and maximum dry density (MDD). Testing was conducted for the buckshot clay
and the six soil-biochar mixtures as described in section 3.2 (3 percentages using 2 different
biochar sizes). An automatic proctor hammer was used to accelerate the testing process.
3.3.2

Unconfined Strength
Specimens were prepared at the determined OMC and MDD for each mixture using

a constant volume mold with a height of 92 mm and a width of 44 mm. Compaction was
carried out in three lifts. The volume, mass, and post-test moisture of each test specimen
was taken to check for potential variations due to incorrect moisture or density. These
specimens were then loaded until failure following the procedure outlined in ASTM D2166
to determine the strength of the mixed soils. A strain rate of 1% per minute was applied
with a maximum strain of 15%. The constant volume mold used is presented in Figure 3.5.
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Figure 3.5
3.3.3

Unconfined compression test specimen preparation

Unconsolidated Undrained Triaxial
Similar to the unconfined compressive strength testing, specimens were made at

each of the selected biochar contents as well as for the pure soil. Specimens were prepared
using a Harvard mini compactor to achieve the desired MDD at the OMC as shown in
Figure 3.6. The mold used had a height of 71 mm and an inner diameter or 33 mm. The
soil was compacted in six lifts. Triaxial testing was conducted following the procedures
outlined in ASTM D2850. A strain rate of 1% per minute was applied with a maximum
strain of 15%. For each mixture, four specimens were tested at increasing confining
pressures (50, 100, 200, and 400 kPa).
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Figure 3.6
3.3.4

Preparation of triaxial samples

Collapse Testing
The collapse potential of the soil was determined following ASTM D5333 for all

soil-biochar mixtures and the pure clay. The specimens were prepared by compacting
material to MDD at OMC in a 4-inch proctor mold in the same manner as a compaction
test. A metal ring was then forced into the soil and the material extruded from the mold.
The soil-filled ring was then carefully removed by cutting. The extracted specimen was
then forced into a consolidation ring 25 mm tall with an inner diameter 63 mm and trimmed
to fit. The weight of the specimen filled ring was then taken to determine the actual density
and a moisture sample taken from the trimmings. The specimen preparation process is
illustrated in Figure 3.7. These measurements were used to confirm that the specimen was
prepared with density and moisture near the target values. The ring was then placed inside
a consolidometer for testing. To determine the collapse index, a 5 kPa seating load was
applied to the soil for 5 minutes. Then load increments of 12, 25, 50, 100, and finally 200
kPa were applied in one-hour intervals. Then distilled water was added to the
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consolidometer, and a maintained load of 200 kPa was left for 24 hours. Deformation with
time was recorded throughout all loading steps.

Figure 3.7
3.3.5

Specimen creation for collapse and consolidation testing

Consolidation
Consolidation specimens were prepared following the same procedure as the

collapse specimens illustrated in Figure 3.7. The consolidation testing was conducted
following ASTM D2435. Following the placement of the specimens, a 5 kPa seating load
was applied and water added to the consolidation cell. Swelling pressure versus time was
then recorded for 24 hours. Following the swelling period, 24-hour loading increments
were then applied in the following order: 75, 150, 300, 600, 1200, 300, and 75 kPa.
Deflections were recorded throughout the testing period.
3.4

Hydraulic Property Test Methods
The specimen preparation and test procedure used to determine the hydraulic

properties are described in the following subsections.
3.4.1

Permeability
Due to the low permeability of clay, a falling head permeability test using rigid

walled permeameters was used for this study. The specimens were prepared following a
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similar approach to the consolidation and collapse specimen. However, the rings were 60
mm tall with an inner diameter of 54.75 mm. Three replicates were prepared for the soil
and all soil-biochar mixtures, totaling 21 specimens. The filled rings were once weighed
and moisture trimmings were taken in to verify that the preparation moisture and density
matched the target values. The ends of the specimen rings were then covered with cloth to
prevent material loss and left in shallow water until fully saturated. Once saturated, a
standpipe was attached to the top of each ring and filled with water. The volume and height
of water in the standpipe was then recorded with time to determine permeability
3.4.2

Water Retention
Water retention testing was conducted using a pressure plate apparatus. The

samples were prepared following the same method as the permeability. However, the rings
were 10 mm tall with an inner diameter of 54.75 mm. Once again 3 replicates for each
combination were prepared. The samples were then placed on filter paper to prevent
material loss during saturation and weighing. The samples were then saturated by setting
the rings on the desired pressure plate and adding water below the edge of the ring.
Following saturation, the plate with specimen was placed in a pressure vessel and the
desired pressure applied. The pressures used in this study include 33 kPa, 100kPa, and 500
kPa.
3.5

Chemical Property Test Methods
Testing of chemical properties used samples made by mixing the materials in their

dry, powdered forms rather than compacted materials. The materials were still mixed based
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on the soil dry mass as described in section 3.2. The following subsection provide
additional information on the chemical testing procedures used.
3.5.1

Cation Exchange Capacity
Materials for cation exchange capacity were air dried and passed through a number

20 sieve. The biochar and soil were then mixed as dry powders to reach the desired
amendment level. Cation extraction was performed at the Mississippi State University
Extension Service Soil Testing Laboratory using the Lancaster method (Cox 2001).
3.5.2

Soil-Biochar pH
The pH testing of soil biochar mixtures was carried out in the same manner as the

individual materials following ASTM D4972. As previously mentioned, additional water
was required in order to make the solution fluid enough for pH testing. For soil biochar
mixtures this was achieved through a 6:1 water to material mass ratio. Samples were stirred
for 24 hours before the water was transferred to a test tube for pH testing.
3.6

Microstructural Imaging
FESEM imaging, using a ZEISS Supra 40VP FESEM, was conducted for the

individual materials as mentioned in section 3.2. Additional imaging was also conducted
for a sample taken from compacted soil-biochar specimen. These samples were only
provided for one combination of soil and biochar as the differences between varying
contents was not visible at the microscale and no reaction based on content was expected.
Prior to use in the FESEM, the sample was oven dried to remove all moisture. Then,
the specimen was affixed to the top of an aluminum SEM stub using carbon tape. To
provide a clear image, the specimen was sputtered with gold for Gold/Palladium (80:20)
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for 120 seconds at 20 mA under vacuum suction. The vacuum was continuously applied
for 15 minutes before placement in the FESEM device to reduce start up time.
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CHAPTER IV
RESULTS AND DISCUSSION
4.1

Mechanical Properties
The mechanical properties of biochar amended clay include the compactability,

strength, and compressibility. Information related to the compaction of amended clay is
necessary to provide requirements for construction. As such the remaining test samples
typically used materials compacted to the density determined by the proctor testing. The
strength and compressibility tests were performed in order to determine if the biochar
provide benefits to extend the application of the clay material. Collapse testing was also
conducted to ensure that the addition of the biochar did not pose an increased risk of
collapse following wetting.
4.1.1

Compaction and Optimum Density
The maximum dry density and optimum moisture content were found for the clay

and all six test combinations. The optimum moisture content was not found to change
significantly with increases in biochar content up to 20%, indicating that the clay dominates
the compaction behavior within this range. The determined OMC was approximately 31%
in all cases. The determined MDD decreased with increasing levels of biochar addition due
to it’s the high porosity and lightweight of the material. Coarse biochar provided the
greatest decrease in dry density. The determined MDD values are presented in Table 4.1.
By using 20% biochar the MDD actually decreased to a value below the density of water.
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However, it is noted that this is due to the large void spaces in the material and that the
specific gravities of both materials are greater than one as presented in Table 3.1. These
low weights indicate that the material may be useful in situations requiring lightweight fill.
Table 4.1

Maximum dry density of biochar-clay mixtures
Biochar Content by Soil Dry Mass

Maximum
Dry
Density,
g/cm3
4.1.2

Biochar
Size

0%

5%

10%

20%

Fine

1.35

1.21

1.10

0.91

Coarse

1.35

1.91

1.04

0.89

Strength Properties
Strength was initially tested based on the unconfined compressive strength. The

results of the unconfined testing are provided in Figure 4.1. The results indicate modest
increases in strength up to 10% biochar for both the coarse and fine biochar sizes.
Additional increases in char content did not result in additional strength gain and instead
corresponded with a reduction from previous strength gains. The greatest strength gain in
the unconfined material was for the finer sized biochar. These results are expected to be
the result of the biochar’s structure supporting higher loads while being held together by
the clay material. Increases beyond 10% fail to add strength in the unconfined case due to
the lack of clay materials to hold the specimen together. During testing it was noted that
the brittleness of the specimens increased rapidly due to biochar which was expected due
to its sandy particle size. To further evaluate this effect additional testing which could
provide cohesion and friction as strength parameters was necessary.
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Figure 4.1

Unconfined compressive strength of biochar-clay mixtures

To provide measures of cohesion and friction, unconsolidated undrained triaxial
testing was conducted. The results at four confining pressures were used to determine the
Mohr-Coulomb failure envelope for the clay and all test combinations. It is noted that the
tests were conducted on unsaturated materials which causes some frictional behavior
within the clay. Furthermore, for design purposes the soil strength at saturation rather than
at OMC is the most critical. However, results of strength testing conducted at the OMC do
provide useful information when discussing the behavior of the clay with increasing levels
of biochar amendment. The cohesion and friction angle resulting from the Mohr-Coulomb
envelopes are provided in Figure 4.2. The results show a noticeable drop in cohesion and
increase in friction from 0-5% biochar for both the coarse and fine biochar. Beyond 5% the
exact trend is less evident and additional increases in friction angle and decreases in
cohesion do not seem to be significant. This is likely due to the fact that creation of
perfectly homogenous specimens using a mixture of clay and biochar is relatively
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unobtainable. Therefore, minor difference in behavior in specimens will occur resulting in
additional variation in the strength parameters.
Overall, the results of the strength testing conducted indicate that biochar addition
increases the strength of buckshot clay at the OMC. Further testing is required to see if this
is the case under more critical saturated conditions. The increase in strength is due to the
frictional interaction of biochar particles held together by the clay. As biochar content
increases the frictional behavior begins to dominate resulting in more brittle behavior when
unconfined. Finally, this effect on strength is dependent upon particle size. While the
coarser biochar should theoretically provide higher strength due to its particle size, it allows
for more void space and weaker areas resulting in a lower performance.

Figure 4.2
4.1.3

Unconsolidated undrained triaxial strength parameters of biochar-clay
mixtures

Collapseability
The collapse index of the pure clay and test mixtures was determined to evaluate

the risk of collapse. The compacted clay was not expected to, and did not, provide any risk
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of collapse (The determined collapse index was -1%). Collapse testing at the highest char
contents did not notably alter this behavior (Collapse index increased to 1% for the coarse
biochar and 2% for the fine biochar). The raw material and the combination considered in
this study do not pose a risk of collapse upon wetting. This is most likely due to the swelling
nature of the clay counteracting any moisture induced softening.
4.1.4

Consolidation
The first step of consolidation testing provides a measure of the swell pressure due

to wetting recorded over a 24-hour period. The results of the swell pressure measurement
are provided in Figure 4.3. The swelling results indicate a much more rapid approach to
the maximum swell pressure for both the fine and coarse char. This is due to the increase
in hydraulic conductivity provide by the porous biochar materials as discussed in more
detail in section 4.2.1. In addition to a more rapidly achieved maximum swell pressure,
biochar addition reduces the value of the maximum swell pressure. This reduction is due
to two primary factors: 1) the volumetric replacement of swelling material and 2) the
addition of void space for the swelling materials to swell into. There is no significant
reduction in the maximum swell pressure for fine biochar until the 20% level which
corresponds to a greater than 50% reduction. The coarse biochar provides a more gradual
reduction, with each increase in biochar content resulting in a decrease in the maximum
swelling pressure with a maximum reduction of approximately 50%. The greater reduction
for the fine material at the 20% level may be due to specimen variability as the coarse char
provides a more significant increase for all other biochar contents. The superior
performance by the coarse biochar was expected as it provide more void space to absorb
the expansion than the fine biochar.
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Figure 4.3

Swelling pressures for a) fine and b) coarse biochar mixtures

The consolidation testing results of the loading and unloading steps of the fine and
coarse biochar mixtures are provided in Figures 4.4 and 4.5, respectively. Part a) of both
figures provides the void ratio versus loading and part b) provides the derived
compressibility and swelling indices as a function of biochar content. The results
demonstrate that increasing levels of biochar addition noticeably increase the value of the
compression index with the greatest increase occurring for coarse biochar. A minor
increase in the swelling index was also noticed for the coarse and fine materials. The
increase in the compression index indicates more compressible behavior which is less
desirable.
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Figure 4.4

Consolidation results for fine biochar mixtures

Figure 4.5

Consolidation results for coarse biochar mixtures

4.2

Hydraulic Properties
Clay materials typically possess low permeability which is undesirable for a variety

of applications as it increases ponding and pore pressure buildups. Though low
permeability materials have several practical applications such as liners, and increased
permeability would be desirable for most applications such as embankment construction,
cover soils, and fill. The coarse, porous nature of the biochar was expected to improve this
property. Furthermore, it was expected that as the amended soil became saturated higher
biochar concentrations would increase the water retention of the soil which can be useful
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for cover soils to prevent excessive runoff. Therefore, the permeability and soil water
retention characteristics of the biochar amended material was determined.
4.2.1

Permeability
The permeability results of the three replicates were averaged to determine the

permeability as a function of biochar content as presented in Figure 4.6. The permeability
demonstrates a noticeable increase as biochar content increases. The results of all replicates
were also analyzed using an analysis of variance. Results for the coarse biochar indicate a
significant effect with a p-value of 0.003. The fine biochar results were not significant and
had a p-value of 0.144. However, this was due to the presence of a wide spread of values
for the 10 and 20% biochar contents. The cause of the increase in permeability is the
increased porosity and flow network created by the biochar content. One explanation of
the more variable behavior of the finer biochar material is the increased presence of clay
seams from compaction. The larger coarse particles within the larger biochar size may have
prevented the development of such seam providing a more consistent behavior through
complete flow paths. However, the fine material may not have provided this consistency
as layers of the clay reduced the permeability for some specimens and not others resulting
in increased varaiblilty.
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Figure 4.6
4.2.2

Mean permeability as a function of biochar content

Water Retention
Originally, it was intended to have results at higher pressures in order to develop

soil water retention curves. However, this was not achievable due to equipment limitations.
However, the results at the three considered pressures as presented in Figure 4.7 is still
applicable to this study as they demonstrate an increased water retention capacity at low
pressures. This is expected due to the increased void and pore space for water containment
added by the biochar. As mentioned in the background sections, increased water capacity
has many benefits particularly for reduction of runoff. Results at higher pressures indicate
that the effect of biochar decreases as the soil dries. This is probable as the water carrying
capacity of the clay should become predominant over coarse materials as the pressure
increases.
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Figure 4.7
4.3

Water retention results for a) fine and b) coarse biochar

Chemical Properties
The chemical properties tested for this thesis, pH and cation exchange capacity,

were conducted to evaluate potential environmental problems, and may also be used to
determine if the soil-biochar mixture has potential for reactions with other stabilizing
methods. The pH was of particular interest as high pH environments assist many stabilizing
chemicals. Furthermore, low pH indicating acidic material may pose environmental
concerns. The cation exchange capacity provides insight to the potential for remediation as
well as soil nutrition. Higher cation exchange capacities provide higher affinities for heavy
metal or nutrient adsorption.
The results of the mixed material pH testing are presented in Table 4.2. The results
indicate minor increases in the pH with increasing levels of biochar amendment. The
greatest increase was found for the coarse biochar. The increases noted are minor and field
variability could have a greater effect than those posed by mixing the materials. Therefore,
these results do not indicate a noticeable change.
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Table 4.2

pH for biochar soil mixtures

Biochar Content
5%
10%
20%

Fine Biochar pH
8.37
8.48
8.56

Coarse Biochar pH
8.43
8.56
8.69

The results of the CEC testing are presented in Figure 4.8. Overall, increases in
both coarse and fine biochar decrease the CEC of the soil. The base CEC of the coarse and
fine biochars were 16.8 and 13.8, respectively. The soil initially had a CEC of 45.9. This
reduction indicates the soil has a reduced capacity for nutrients. However, it was already
expected that gasifier biochar did not pose the same soil nutrient benefits granted by
pyrolysis biochar. For civil engineering application that do not require CEC for chemical
modification or adsorption of heavy metals, this reduction is likely insignificant. Khorshidi
et al. (2017) presented a relationship to quantify the cation exchange capacity based on the
soil water retention curve for soils with a pH >6. Application of this correlation could
potentially be used estimate the SWRC based on the determined CEC.
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Figure 4.8
4.4

Cation exchange capacity of biochar-clay mixtures

Microstructural Imaging
The application of microstructural images can provide insight to the exact

mechanisms the resulted in the property changes previously reported. Figure 4.9 presents
the micrographs produced for the soil biochar mixtures. As mentioned in the methodology
section, these were taken from a sample cut from a compacted specimen. Additional images
were not provided for varying contents, as this would not be noticeable at the microscale.
The micrographs presented support the reasoning applied to the other results, particularly
the density and hydraulic properties.
The clay particles and conglomerates fill and coat portions of the char. However, a
noteworthy amount of void space and pore remain unfilled allowing for accelerated
passage of water. The accelerated flow also contributes to more rapid swelling behavior.
Due to the inhomogeneity of the mixed materials complete blockages may form slowing
this water movement. This problem is more likely for the finer biochar, as the coarse
biochar introduces larger particles that provide more extensive flow paths. Furthermore,
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the finer particles offer less room for clay expansion leading to the lower reductions in
swell pressure noted when compared to the coarse biochar specimens.
Regarding the strength of the biochar, a physical connections between the biochar
and clay provide the increase unconfined strength note earlier in the results. No chemical
bonds were expected to form between the materials, and micrographs confirm this absence.
All connection between the materials appears to be due to the cohesive, sticky nature of
the clay. Therefore, changes in strength behavior are largely due to the addition of a more
coarse grained material and the replacement of the cohesive component. Finally, increases
in the compressibility of the soil are likely explained by the same void space contribution
as the reduction in swell pressure. The biochar material provides space for the clay particles
to be squeezed into when subjected to continuous loading resulting in higher compressions.
This also explains the difference in behavior between the coarse and fine biochar with the
coarse material resulting in higher compressibility. The unloading behavior did not change
as significantly as this behavior was controlled by the clay fraction of the material.

Figure 4.9

Microstructural images of a) coarse biochar-clay mixture and b) coarse
biochar-clay mixture
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4.5

Discussion
Mechanical, hydraulic, and chemical effects of gasifier biochar amendment of clay

were determined using the previously described methods providing the results presented
and discussed in sections 4.1-4.4. The compaction testing indicates that the optimum
moisture content did not vary significantly with increasing biochar contents. Furthermore,
the unit weight of the material decreased noticeably with biochar addition due to the
biochar’s lower specific gravity and porous structure. The strength tests were selected to
provide insight into the strength behavior of amended soil, and indicate improved strength
through increased frictional behavior. However, the material also becomes more brittle and
less cohesive with increasing biochar contents. The consolidation testing indicated
increased rates of compression, most likely due to the increased void space provided by
the biochar. However, this increase in void and pore space had beneficial effects for the
materials hydraulic properties resulting in increased permeability and water retention. The
effect on pH was not significant. However, reduction in cation exchange capacity may pose
problems if the material was used primarily for remediation or nutrient capacity.
The complete body of results presented indicate that clay-biochar mixtures may
have applications as fill or cover soils. These applications require sufficient shear strength
to prevent failure which biochar amendment provides. The changes in hydraulic properties
also increase suitability for such application by reducing runoff potential through increased
water retention, and reducing pore pressures and ponding through drainage with increased
hydraulic conductivity. Furthermore, the reduction in unit weight is ideal for these
applications as lightweight fill materials are often desired. The material may be less suited
for structural applications that must carry prolonged loads as the increase in compressibility
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may pose settling problems. Despite this limitation, reductions in swell pressure can be
useful if steps are taken to control or adjust for settlement. Finally, the material does not
appear to be appropriate for environmental remediation or nutrient increases for agriculture
due to the lowered cation exchange capacity. However, further evaluation of the actual
adsorption capacity of the biochar and biochar amended soil would be necessary to confirm
this conclusion.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
5.1

Conclusions
The work presented in this thesis demonstrates the potential benefits of gasifier

biochar amendment for the improvement of clay. Testing was conducted using a single
clay from Vicksburg, MS, which is commonly referred to as buckshot clay, and a gasifier
biochar from pine production. The biochar amendment was applied based on the soil dry
weight in levels of 5, 10, and 20% using two distinct sizes.
The specific geotechnical benefits of biochar amendment determined include
increased water retention, improved permeability, increased friction angle, reduced
swelling pressure, and decreased dry unit weight. However, slightly increased
compressibility and more brittle behavior were also found with increased levels of biochar.
Minor increases in the soils pH and collapse potential were also found. Cation exchange
capacity of the material also decreased with increases in biochar. Overall, the changes in
the mechanical and hydraulic properties were explained by the increase in pore space due
to the biochar’s microstructural properties. These explanations were supported by
qualitative review of micrographs.
Based on the results of this work, biochar amendment may provide sufficient
improvement to clays to allow for application to select projects as a lightweight fill with
high water adsorption capacities. Such an application can increase the sustainability of
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construction projects by reducing the use of limited quality fill materials and providing a
beneficial use of a byproduct of bio-fuel production. Furthermore, the use and production
of stable biochar provides a means for carbon sequestration making the end product
environmentally friendly. The completed work contributes to the growing body of
literature related to the beneficial amendment of clays using gasifier biochar. Furthermore,
the selected combination was produced using locally available materials increasing its
practicality.
5.2

Recommended Future Works

Based on the completed study and literature, the following areas of future research are
recommended.
Related to the specific testing conducted for this thesis:


Additional evaluation of strength for fully saturated materials is recommended as
the saturated case will provide lower strengths than those determined at the
optimum moisture and density.



More advanced triaxial test methods could also provide insight to the effect of
biochar addition on pore pressure dissipation.



Determination of the unsaturated behavior including the hydraulic conductivity
function and soil water characteristic curve could also provide additional insight to
the effects of biochar addition to clays.

Related to practical application of clay-biochar mixtures:
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This work is limited to a single soil and biochar. The wide range of materials
available limit the use of the presented results. For practical applications, direct
tests of the expected materials is recommended.



Further verification of the long term stability of char to ensure long-term
engineering performance and carbon sequestration benefits.



Evaluation of the environmental remediation application of clay biochar mixtures.



Examination of potential field mixing techniques to, particularly for mixtures of
clay materials and biochar.
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APPENDIX A
LABORATORY TEST DATA SHEETS
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A.1

Atterburg Limits
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Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Atterberg Limits: ASTM D4318
Project:

Buckshot Clay Testing

Client:

NA

Location:

Smpl No:

NA

Brng No.:

Depth:

Test No:

Tested By:

Started:

V-M Classification:

5/20/2017

NA
James and Clay

Finished: 6/15/2017

Dark gray clay

Liquid Limit Determination
Can No.

Groove Apparatus: Plastic

Method: Device
1

3

4

Jayme-1

Clay-x

Wt. of Wet Soil + Can (gr)

28.7

41.9

31.1

35.48

33.01

Wt. of Dry Soil + Can (gr)

23.4

30.9

25.1

27.53

26.11

Wt. of Can (gr)

17.3

17.3

17.4

17.25

17.3

Wt. of Dry Soil (gr)

6.1

13.6

7.6

10.3

8.8

Wt. of Water (gr)

5.3

11.0

6.0

8.0

6.9

87.1%

80.9%

79.1%

77.3%

78.3%

12

20

21

28

29

Water Content (% )
No. of Blows

Plastic Limit Determination
Can No.

Method:
1

2

Wt. of Wet Soil + Can (gr)

24.4

24.1

Wt. of Dry Soil + Can (gr)

22.6

22.3

Wt. of Can (gr)

17.3

17.3

Wt. of Dry Soil (gr)

5.3

5.1

Wt. of Water (gr)
Water Content (% )

1.9

1.8

35.6%

34.5%

y = -0.106ln(x) + 1.1281
R² = 0.9328

70.0
1.4
1.0
43.0
0.9

Liquid Limit

79%

Water Content
Content (%)
(%)

66.0
39.0
0.8

y=

0.7
35.0
62.0
0.6
31.0
0.5

Plastic Limit

58.0
27.0
0.4

PL Standard Dev.

35%

0.01

0.3
23.0
54.0
0.2
19.0
-0.134ln(x)
0.1

+ 1.2049
R² = 0.979

Plasticity Index

0

50.0
15.0
0.0

10

Notes:

Number of Blows
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100

A.2

Consolidation Results
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Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Project:
Location:
Boring No.:
Depth:
Tested by:

Biochar Study
NA
Buckshot Pure
NA
James Williams

Client:
Prep Method:
Ring Weight:
Ring Diameter:
Ring Height:

Specimen Initial Information
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Initial Moisture
Density

Specimen Final Information
77.93
360.62
147.15
17.26
37.03
32.19
32%
1.89

Specimen Dry Density
Swelling Pressure

NA
Standard Compaction
213.47 g
63 mm
25 mm

cm
g
g
g
g
g

3

Final Height
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Final Moisture

g/cm3

1.43 g/cm

3

Density

22.89
71.37
361.94
148.47
177.76
539.7
504.24
31%

mm
cm3
g
g
g
g
g

2.08 g/cm

3

39.00 kPa

45
40
35

Pressure, kPa

30

25
20
15
10
5
0
0

200

400

600

800

Time, minutes

59

1000

1200

1400

1600

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Specimen Dry Mass
Soil Specific Gravity

113.01 g
2.66
1 g/cm3

Density of Water
Volume of Solids
Height of Solids

42.48 cm
1.36 cm

Load

ΔH, mm
5
75
150
300
600
1200
300
75

3

e

0
0.530
1.009
1.843
3.301
5.235
3.145
2.106

Initial Height
Initial Void Ratio

2.5 cm
0.83

Final Void Ratio

0.68

Initial Saturation
Final Saturation

96%
123%

Strain, %
0.8343
0.7954
0.7603
0.6991
0.5921
0.4502
0.6035
0.6798

0%
2%
4%
7%
13%
21%
13%
8%

0.90

Buckshot Only

0.85
0.80

Void Ratio

0.75
0.70
0.65
0.60
0.55
0.50
0.45
0.40
10

100

1000

Effective Stress, kPa

60

10000

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Project:
Location:
Boring No.:
Depth:
Tested by:

Biochar Study
NA
5% Coarse
NA
James Williams

Client:
Prep Method:
Ring Weight:
Ring Diameter:
Ring Height:

Specimen Initial Information
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Initial Moisture
Density

Specimen Final Information
77.93
339.27
125.8
17.25
42.47
36.44
31%
1.61

Specimen Dry Density
Swelling Pressure

NA
Standard Compaction
213.47 g
63 mm
25 mm

cm
g
g
g
g
g

3

Final Height
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Final Moisture

g/cm3

1.23 g/cm

3

Density

22.42
69.89
347.64
134.17
177.76
525.4
487.75
39%

mm
3
cm
g
g
g
g
g

1.92 g/cm

3

35.91 kPa

40
35

Pressure, kPa

30
25
20
15
10
5
0
0

200

400

600

800

Time, minutes

61

1000

1200

1400

1600

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Specimen Dry Mass
Soil Specific Gravity

96.52 g
2.61

Density of Water

1 g/cm

Volume of Solids
Height of Solids

36.98 cm
1.19 cm

Load

ΔH, mm
5
75
150
300
600
1200
300
75

3

3

Initial Height
Initial Void Ratio

2.5 cm
1.11

Final Void Ratio

0.89

Initial Saturation
Final Saturation

72%
114%

e

0
0.299
1.004
2.250
3.744
5.677
3.624
2.579

1.1073
1.0821
1.0227
0.9177
0.7917
0.6288
0.8019
0.8900

1.20

C5

1.10

Void Ratio

1.00

0.90
0.80
0.70
0.60
0.50

0.40
10

100

1000

Effective Stress, kPa

62

10000

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Project:
Location:
Boring No.:
Depth:
Tested by:

Biochar Study
NA
10%-Coarse
NA
James Williams

Client:
Prep Method:
Ring Weight:
Ring Diameter:
Ring Height:

Specimen Initial Information
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Initial Moisture
Density

Specimen Final Information
77.93
330.79
117.32
17.29
35.77
31.4
31%
1.51

Specimen Dry Density
Swelling Pressure

NA
Standard Compaction
213.47 g
63 mm
25 mm

cm
g
g
g
g
g

3

Final Height
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Final Moisture

g/cm3

1.15 g/cm

3

Density

22.74
70.90
343.65
130.18
194.38
538.03
497.2
46%

mm
3
cm
g
g
g
g
g

1.84 g/cm

3

31.38 kPa

35
30

Pressure, kPa

25
20
15

10
5
0
0

200

400

600

800

Time, minutes

63

1000

1200

1400

1600

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Specimen Dry Mass
Soil Specific Gravity

89.35 g
2.56

Density of Water

1 g/cm

Volume of Solids
Height of Solids

34.90 cm
1.12 cm

Load

ΔH, mm
5
75
150
300
600
1200
300
75

3

3

Initial Height
Initial Void Ratio

2.5 cm
1.23

Final Void Ratio

1.03

Initial Saturation
Final Saturation

65%
113%

e

0
0.361
1.020
1.951
3.332
5.209
3.469
2.257

1.2328
1.2006
1.1418
1.0586
0.9352
0.7676
0.9230
1.0313

1.30

C10

1.20

Void Ratio

1.10
1.00
0.90
0.80
0.70

0.60
10

100

1000

Effective Stress, kPa

64

10000

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Project:
Location:
Boring No.:
Depth:
Tested by:

Biochar Study
NA
20%-Coarse
NA
James Williams

Client:
Prep Method:
Ring Weight:
Ring Diameter:
Ring Height:

Specimen Initial Information
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Initial Moisture
Density

Specimen Final Information
77.93
307.77
94.3
17.3
36.63
32.03
31%
1.21

Specimen Dry Density

cm
g
g
g
g
g

3

Final Height
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Final Moisture

g/cm3

0.92 g/cm

Swelling Pressure

NA
Standard Compaction
213.47 g
63 mm
25 mm

3

Density

22.06
68.76
325.69
112.22
198.36
524.05
480.3
64%

mm
3
cm
g
g
g
g
g

1.63 g/cm

3

22.09 kPa

25

20

Pressure, kPa

15

10

5

0
0
-5

200

400

600

Time, minutes

65

800

1000

1200

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Specimen Dry Mass
Soil Specific Gravity

68.47 g
2.44

Density of Water

1 g/cm

Volume of Solids
Height of Solids

28.06 cm
0.90 cm

Load

ΔH, mm
5
75
150
300
600
1200
300
75

3

3

Initial Height
Initial Void Ratio

2.5 cm
1.78

Final Void Ratio

1.45

Initial Saturation
Final Saturation

52%
107%

e

0
0.485
1.172
2.210
3.721
5.853
3.954
2.941

1.7772
1.7232
1.6469
1.5317
1.3638
1.1269
1.3379
1.4504

1.90

C20

1.80
1.70

Void Ratio

1.60
1.50

1.40
1.30

1.20
1.10

1.00
10

100

1000

Effective Stress, kPa
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10000

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Project:
Location:
Boring No.:
Depth:
Tested by:

Biochar Study
NA
5%-Fine
NA
James Williams

Client:
Prep Method:
Ring Weight:
Ring Diameter:
Ring Height:

Specimen Initial Information
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Initial Moisture
Density

Specimen Final Information
77.93
342.4
128.93
17.39
37.79
32.78
33%
1.65

Specimen Dry Density
Swelling Pressure

NA
Standard Compaction
213.47 g
63 mm
25 mm

cm
g
g
g
g
g

3

Final Height
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Final Moisture

g/cm3

1.25 g/cm

3

Density

22.55
70.29
350.69
137.22
186.69
537.38
499.55
38%

mm
3
cm
g
g
g
g
g

1.95 g/cm

3

38.79 kPa

45
40
35

Pressure, kPa

30

25
20
15
10
5
0
0

200

400

600

800

Time, minutes

67

1000

1200

1400

1600

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Specimen Dry Mass
Soil Specific Gravity

99.39 g
2.61

Density of Water

1 g/cm

Volume of Solids
Height of Solids

38.08 cm
1.22 cm

Load

ΔH, mm
5
75
150
300
600
1200
300
75

3

3

Initial Height
Initial Void Ratio

2.5 cm
1.05

Final Void Ratio

0.85

Initial Saturation
Final Saturation

74%
117%

e

0
0.327
0.999
2.116
3.672
5.638
3.546
2.450

1.0465
1.0198
0.9647
0.8732
0.7459
0.5849
0.7562
0.8460

1.10

F5

1.00

Void Ratio

0.90
0.80
0.70
0.60
0.50

0.40
10

100

1000

Effective Stress, kPa

68

10000

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Project:
Location:
Boring No.:
Depth:
Tested by:

Biochar Study
NA
10%-Fine
NA
James Williams

Client:
Prep Method:
Ring Weight:
Ring Diameter:
Ring Height:

Specimen Initial Information
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Initial Moisture
Density

Specimen Final Information
77.93
332.37
118.9
17.26
33.05
29.17
33%
1.53

Specimen Dry Density
Swelling Pressure

NA
Standard Compaction
213.47 g
63 mm
25 mm

cm
g
g
g
g
g

3

Final Height
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Final Moisture

g/cm3

1.15 g/cm

3

Density

23.05
71.84
344.5
131.03
193.34
537.84
497.08
45%

mm
3
cm
g
g
g
g
g

1.82 g/cm

3

36.47 kPa

40
35

Pressure, kPa

30
25
20
15
10
5
0
0

200

400

600

800

Time, minutes
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1000

1200

1400

1600

Dept. of Civil & Environmental Engineering+B48:H65
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Specimen Dry Mass
Soil Specific Gravity

90.27 g
2.56

Density of Water

1 g/cm

Volume of Solids
Height of Solids

35.26 cm
1.13 cm

Load

ΔH, mm
5
75
150
300
600
1200
300
75

3

3

Initial Height
Initial Void Ratio

2.5 cm
1.21

Final Void Ratio

1.04

Initial Saturation
Final Saturation

67%
111%

e

0
0.251
0.845
1.798
3.148
4.942
2.993
1.953

1.2101
1.1879
1.1354
1.0511
0.9317
0.7732
0.9454
1.0374

1.30

F10

1.20

Void Ratio

1.10
1.00
0.90
0.80
0.70

0.60
10

100

1000

Effective Stress, kPa
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10000

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Project:
Location:
Boring No.:
Depth:
Tested by:

Biochar Study
NA
20%-Fine
NA
James Williams

Client:
Prep Method:
Ring Weight:
Ring Diameter:
Ring Height:

Specimen Initial Information
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Initial Moisture
Density

Specimen Final Information
77.93
332.37
118.9
17.15
40.63
35.13
31%
1.53

Specimen Dry Density
Swelling Pressure

NA
Standard Compaction
213.47 g
63 mm
25 mm

cm
g
g
g
g
g

3

Final Height
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Final Moisture

g/cm3

1.17 g/cm

3

Density

22.05
68.73
334.25
120.78
194.35
528.6
486.8
53%

mm
3
cm
g
g
g
g
g

1.76 g/cm

3

17.43 kPa

20
18
16

Pressure, kPa

14
12
10
8
6
4
2
0
0

200

400

600

800

Time, minutes

71

1000

1200

1400

1600

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Consolidation Test: ASTM D 2435

Specimen Dry Mass
Soil Specific Gravity

78.98 g
2.49

Density of Water

1 g/cm

Volume of Solids
Height of Solids

31.72 cm
1.02 cm

Load

ΔH, mm
5
75
150
300
600
1200
300
75

3

3

Initial Height
Initial Void Ratio

2.5 cm
1.46

Final Void Ratio

1.17

Initial Saturation
Final Saturation

86%
113%

e

0
0.500
1.204
2.303
3.753
5.687
3.930
2.953

1.4569
1.4078
1.3386
1.2306
1.0881
0.8981
1.0707
1.1668

1.50

F20

1.40

Void Ratio

1.30
1.20
1.10
1.00
0.90

0.80
10

100

1000

Effective Stress, kPa

72

10000

A.3

Collapse Testing

73

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Collapse Potential Test: ASTM D 5333

Project:
Location:
Boring No.:
Depth:
Tested by:

Biochar Study
NA
Buckshot
NA
James Williams

Specimen Initial Information
Volume
80.12
Ring + Specimen
358.68
Mass of Specimen
145.21
Moisture Tin
17.37
Tin + Sample
60.45
Tin + Dry
50.14
Initial Moisture
31%
Density
1.81
Specimen Dry Density
1.38

Load Increment, kPa
5
12
25
50
100
200
200

Time
5, min
60, min
60, min
60, min
60, min
60, min
24 hr

Client:
Prep Method:
Ring Weight:
Ring Diameter:
Ring Height:

NA
Standard Compaction
213.47 g
63.5 mm
25.3 mm

g/cm3
3
g/cm

Specimen Final Information
Final Height
24.07
Volume
76.23
Ring + Specimen
342.94
Mass of Specimen
129.47
Moisture Tin
17.19
Tin + Sample
35.75
Tin + Dry
29.56
Final Moisture
50%
Density
1.70

Deformation,
mm
0.034885
0.283759
0.397845
0.515737
0.787182
1.366791
1.230842

Dry
Dry
Dry
Dry
Dry
Dry
Water Added

3

cm
g
g
g
g
g

74

Ic, %

mm
3
cm
g
g
g
g
g
3

g/cm

-1%

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Collapse Potential Test: ASTM D 5333

Project:
Location:
Boring No.:
Depth:
Tested by:

Biochar Study
NA
20% Coarse
NA
James Williams

Specimen Initial Information
Volume
80.12
Ring + Specimen
301.23
Mass of Specimen
87.76
Moisture Tin
17.38
Tin + Sample
36.21
Tin + Dry
31.73
Initial Moisture
31%
Density
1.10
Specimen Dry Density
0.83

Load Increment, kPa
5
12
25
50
100
200
200

Time
5, min
60, min
60, min
60, min
60, min
60, min
24 hr

Client:
Prep Method:
Ring Weight:
Ring Diameter:
Ring Height:

NA
Standard Compaction
213.47 g
63.5 mm
25.3 mm

g/cm3
3
g/cm

Specimen Final Information
Final Height
23.50
Volume
74.43
Ring + Specimen
342.94
Mass of Specimen
129.47
Moisture Tin
17.19
Tin + Sample
35.75
Tin + Dry
29.56
Final Moisture
50%
Density
1.74

Deformation,
mm
0.031582
0.322516
0.448023
0.69723
1.108232
1.631686
1.797596

Dry
Dry
Dry
Dry
Dry
Dry
Water Added

3

cm
g
g
g
g
g

75

Ic, %

mm
3
cm
g
g
g
g
g
3

g/cm

1%

Dept. of Civil & Environmental Engineering
Soil Mechanics Laboratory
Collapse Potential Test: ASTM D 5333

Project:
Location:
Boring No.:
Depth:
Tested by:

Biochar Study
NA
20% Fine
NA
James Williams

Specimen Initial Information
Volume
Ring + Specimen
Mass of Specimen
Moisture Tin
Tin + Sample
Tin + Dry
Initial Moisture
Density
Specimen Dry Density

Load Increment, kPa
5
12
25
50
100
200
200

Time
5, min
60, min
60, min
60, min
60, min
60, min
24 hr

80.12
301.6
88.13
19.87
40.13
35.49
30%
1.10
0.85

Client:
Prep Method:
Ring Weight:
Ring Diameter:
Ring Height:

NA
Standard Compaction
213.47 g
63.5 mm
25.3 mm

g/cm3
3
g/cm

Specimen Final Information
Final Height
22.48
Volume
71.19
Ring + Specimen
325.5
Mass of Specimen
112.03
Moisture Tin
177.66
Tin + Sample
503.16
Tin + Dry
458.3
Final Moisture
67%
Density
1.57

Deformation,
mm
0.027685
0.462127
0.631981
0.886393
1.399345
2.371567
2.819894

Dry
Dry
Dry
Dry
Dry
Dry
Water Added

3

cm
g
g
g
g
g

76

Ic, %

mm
3
cm
g
g
g
g
g
3

g/cm

2%

